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ABSTRACT

The CHA Corporation has completed an U.S. Air Force Phase II Small Business Innovation
Research program to investigate the feasibility of using a novel microwave-based filter device to
remove and destroy unwanted by-products of combustion in exhaust gases. A Corning ceramic
monolith soot filter that has about 90% soot removal efficiency was placed in a housing that allowed
for microwave regeneration. Two filters were installed in parallel into the exhaust piping of a diesel
engine. After 4-hour periods of operation, the filters were successfully regenerated with microwave
energy for over 50 cycles. A prototype device for the destruction of NOx in exhaust gas generated by
a 58-hp diesel engine was also constructed and tested. The NOx control device comprised two
separate fixed-bed reactors filled with catalyst beads. In the first reactor, a Pt/Pd catalyst was used to
covert NO into NO; in the diesel exhaust. A reducing agent (JP-8) and microwaves were supplied to
the second reactor, containing alumina—SiC pellets coated with a Pt/Rh/Pd catalyst, to achieve NO;
destruction. Because of lower NO oxidation efficiency (45-55%) caused by the high concentration
of water in diesel engine exhaust, NOx destruction efficiencies were 35-40%, 10-20% lower than the
NOx destruction obtained from smaller reactors. Test results obtained for this prototype microwave
device clearly identified technical and economic advantages as well as technical difficulties of
applying microwave-based filter devices to control pollutants in diesel exhaust. Furthermore,
preliminary experimental data indicate that microwave reactor system developed for NOx destruction
can be used to destroy waste rocket fuels including hydrazine and unsymmetric demethyl hydrazine
in the nitrogen or air streams. Laboratory and prototype test results will be presented.

INTRODUCTION

The CHA Corporation has completed U.S. Air Force Phase II Small Business Innovation Research
project to investigate the feasibility of using a novel filter device, in which microwave energy is
applied to destroy pollutants in a catalyst bed, to control unwanted combustion by-products in diesel
engine exhaust gases. The microwave-based cleanup process for diesel engine exhaust gases has the
potential to significantly reduce the cost of removing airborne pollutants from the exhaust of
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combustion processes. The pollutants comprise nitrogen oxides (NOx), carbon monoxide (CO),
particulate matter less than 10 microns (PMjo), products of incomplete combustion (PICs), volatile
organic compounds (VOCs), and other hazardous air pollutants (HAPs)'. The reduction of these
pollutants, as set forth by the Federal Clean Air Act, from all stationary sources is a prime goal of the
U.S. Air Force, Environmental Protection Agency (EPA), and state and local air quality regulatory
agencies.

Currently, no single device is available for simultaneous removal of NOx, CO, VOCs, and PM
from oxygen-rich exhaust gases. Separate devices are required for the reduction of NOx, oxidation
of CO and VOCs, and removal of PM;o. Two methods for NOx reduction currently available are
selective non-catalytic reduction (SNCR) and selective catalytic reduction (SCR) 23 In both SNCR
and SCR (processes originally developed for large, coal-fired power plants), a chemical reducing
agent, commonly anhydrous ammonia or urea, is injected into the exhaust gas stream as it exits the
combustor. In the SCR process, impregnated gases pass through a catalyst element that promotes
reaction of NOx with an injected reducing agent to form nitrogen and water. At temperatures of 900-
1000 °C, NHj3 will reduce NOx to N, without a catalyst. However, the SNCR process has a much
lower NOx-removal efficiency and requires higher temperatures than SCR. The SCR vendors report
that 90-percent reduction in NOx levels is achievable if the catalyst bed can be operated at
temperatures between 400 and 500°C. The costs of implementing and operating the SCR process are
quite high, and emissions of small amounts of unreacted ammonia are likely. Furthermore, the
service conditions of non-steady-state operations that occur in much Air Force maintenance and
training operations are ill suited for SNCR and SCR processes. Currently, no low-temperature
(ambient to 125 °C) NOx- removal technology is available.

CHA Corporation has developed a process employing a carbon-based adsorbent and microwave
energy to treat exhaust gases. An integrated prototype system capable of treating exhaust gases for a
58-hp diesel engine was designed, fabricated, developed and demonstrated. The integrated system is
a continuous adsorption/regeneration arrangement capable of 100% NOx removals, as well as
destroying the VOCs and soot present in diesel exhaust. The pollutants are first removed from the
flue gases by passing the gases through a bed of relatively inexpensive carbon adsorbent. NOx, SOx,
and VOC gases and vapors are adsorbed and stored on the carbon during this step. The pollutants are
then destroyed during regeneration of the carbon by microwaves. The microwave energy
decomposes NOXx to nitrogen and carbon dioxide, VOCs to carbon dioxide and water, and SOx to
elemental sulfur and carbon dioxide. A prototype unit was constructed and perfected through
thorough experimentation. The unit was then transported to McClellan Air Force Base in
Sacramento, California in March of 1998 for a weeklong demonstration®®. The field demonstration
of the prototype was very successful. No mechanical or technical problems were encountered during
frequent startup and shutdown operations. During the week of field demonstration, the outlet gas
contained less than 1 ppm NOx. In addition, this process is capable of handling frequent startup and
shutdown cycles of diesel engines. However, the inlet gas needs to be cooled below 70 °C and the
exhaust gas treatment system is larger in size than the diesel engine. Because of these two
disadvantages, the microwave carbon adsorbent process may not be suitable for diesel engines. The
process under development and reported here is intended to minimize these two weaknesses.

The emission of CO and VOCs can be lowered by a catalytic converter very similar to that found in
automobiles®. A catalytic converter is a ceramic monolith structure that is impregnated with
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oxidation catalysts, usually platinum and/or palladium. When a hot exhaust stream passes through
the ceramic structure, the catalyst promotes the reaction of CO and VOCs with available oxygen.
Catalytic converters are most effective when the catalyst element is above 260°C, and performance is
usually best near 400°C. PM is mainly carbonous material that is produced by engines. This PM;o
can be either oxidized or removed by a filter. In catalytic oxidation, the exhaust gas is sent through a
catalyst element, which traps and oxidizes the soot. Removal efficiencies of up to 50 percent are
achievable with this process if the average exhaust temperature can be kept near 400°C™%°,
Generally, higher removal efficiencies are not possible due to the temperature limitations of the
exhaust gas stream. Very high removal efficiencies are achievable with soot filters. These paper
filters for low-temperature service or ceramic-fiber filters for high-temperature service remove soot
from the exhaust stream as it flows through the filter. Typical service lifetimes for these filters are
short, usually less than 50 hours.

To overcome the limitations of current emission control options for stationary diesel engines, the
CHA Corporation has developed a microwave-based catalytic process for the destruction of air
pollutants in diesel engine exhaust gases. This filter device converts NOx, CO, VOCs and soot into
nitrogen, CO, and water. The device converts NOx into nitrogen (and CO;) through an oxidation
step followed by reduction. The other pollutants are oxidized to CO, and water. Low-level
microwave energy is used to drive each of these desired conversion reactions. The principles of
operation of this device are as follows: :

1. Capture the carbonaceous soot in a ceramic filter and, using microwave energy, oxidize the soot
into CO; or CO.

2. Convert the NO into NO; in an oxidative-catalytic section of the device. It was learned that this
reaction proceeds very quickly in the presence of a platinum catalyst, and the reduction of NO, by
reducing agent in the presence of oxygen is more favorable than that of NO.

3. Reduce the NO, to nitrogen and CO; using a commercially available NOx-reducing (three-way)
catalyst and a reducing agent such as JP-8 jet fuel during irradiation by low-level microwave
energy. This step destroys about 65 percent of the NOx.

4. Oxidize any CO and VOC materials to CO, and water using an oxidizing catalyst in the presence
of low-level microwave energy.

Both bench-scale and engineering prototype units have been tested for destruction of NOx in diesel
exhaust gas. A process flow diagram is shown in Figure 1.
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Figure 1. Microwave Catalytic Reactor System for Diesel Exhaust Treatment
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LABORATORY EXPERIMENTAL RESULTS AND DISCUSSION
Removal and Destruction of Soot in Diesel Exhaust

A line of soot oxidation experiments was run using diesel exhaust gases to determine the extent of
soot oxidation in a microwave field. In each experiment, 0.50 grams of devolatilized soot was
placed on a SiC sponge in a 1-inch diameter quartz tube. Raw diesel exhaust was flowed through the
soot sample at 6.8 standard cubic feet per hour (SCFH). Microwaves were then applied until outlet
gas oxygen concentrations indicated an end to oxidation. Three samples were run for each tested
power level (50, 100, and 150 W). In addition, three pulsed microwave tests were run at each
condition with a 10-second-on-10-second-off pulsing cycle. Experiments to determine the optimum
type of soot filter, as well as the optimum filter arrangement were also performed.

A typical microwave-induced soot oxidation reaction in the presence of raw diesel exhaust gas is

presented in Figure 2. The nitric oxide in the diesel exhaust gas was initially used as the oxygen
source for the soot oxidation prior to the direct use of oxygen.

Figure 3 illustrates the cumulative results of this work over all tested energy levels, both pulsed and
continuous. Microwave power values for pulsed testing represent actual power applied. For
example, a 10-second-on-10-second-off cycle at 150 W is reported as 75 W actual for comparison.
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Oxidation rates are influenced by actual power applied, but do not differ largely between pulsed and

continuous application.
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Figure 2. Typical Soot Oxidation Reaction Gas Outlet NOx and Oxygen Concentrations
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Figure 4 depicts NOx destruction as a function of actual power applied for both pulsed and
continuous microwave application types. For continuous microwave application, the NOx reduced
per gram of soot destroyed decreases with increasing power levels. Pulsed microwave application,

however, destroys more NOx per gram of soot destroyed at higher microwave levels.
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Figure 4. NOx Destruction through Microwave Induced Soot Oxidation

The Corning ceramic monolith soot filter and 3M ceramic fiber filter were tested to remove soot
from the diesel exhaust gas and regenerated with microwaves. Test results show that the ceramic
monolith soot filter was effectively regenerated with microwaves. This Corning ceramic monolith
soot filter is commercially available and removes 87% to 92% of soot from diesel engine exhaust.
This filter is made from solid ceramic material and has low thermal expansion, so it can tolerate
extreme thermal cycling. Filters with and without an oxidation catalyst coating were tested to
capture and destroy the soot in the diesel engine exhaust gas.

On completion of testing of the monolith filter coated with oxidation catalyst, a monolith filter
without the oxidation catalyst was tested. The ability to use a filter that has not been washcoated
with catalyst would significantly reduce both the costs of the filter and the initial pressure drop. Both
saturation and regeneration data were gathered for the non-coated filter. The saturation testing was
performed in the same way as was done for the catalyzed filter. Microwave energy was continuously
applied to allow for on-line regeneration. The results for the non-catalyzed filter were better than for
the filter coated in oxidation catalyst. The filter was in service for over seven hours with an
acceptable manifold back-pressure. It was also apparent that on-line regeneration was taking place.
The results from multiple cycles of soot loading and regeneration tests are shown in Figure 5. This
data represents the pressure drop measurements recorded during the initial soot loading cycles for a
dual ceramic monolith filter-arrangement installed at the 58-hp diesel engine exhaust system. The
filter system has undergone more than 150 loading/regeneration cycles. Figure 5 clearly
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demonstrates that soot deposits inside the filter were completely oxidized by microwave energy.
Equally, the data suggest that subsequent regeneration of filter improve the single cycle duration.
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Figure 5. Pressure Drop Across Non-Catalyzed Monolith Filter During Saturation Cycles

NOx Destruction by JP-8 over the Catalyst Bed

NOx destruction experiments were carried out using a 1-inch inside diameter (ID) reactor containing
6 inches of Pt/Rh catalyst (PRO*VOC 7 made by Prototech Company) on SiC or 6 inches of
PRO*VOC 7 on zeolite evenly mixed with SiC. A 1-inch ID guard bed was set in front of the
reactor and contained 10 inches of PRO*VOC 7 on zeolite. The guard bed was heated to 520 °F.
The guard bed catalyzed the reaction of NO to NO; consequently, allowing improved destruction
efficiencies within the main reactor. A JP-8 sparger introduced reducing agent above the reactor
chamber. The JP-8 temperature was maintained at 200 °F. A pre-heated nitrogen flow of 0.1
standard liters per minute (SLPM) carried the vaporized JP-8 into the reactor column. The diesel
exhaust gas flow rate was held at 6.5 SCFH through the column. Diesel exhaust NOx concentrations
during testing averaged 700 ppm. NOx destruction efficiency as a function of applied microwave
power was tested over a range from 50 to 250 W in 25-W increments.

Microwave-induced catalytic reduction testing was performed on raw diesel exhaust gas to determine
CO and VOC destruction efficiency as a function of microwave input power. These experiments
were performed using a 60-mm-ID quartz tube reactor bed in a microwave helix reactor chamber.
Input power was varied from 50 to 200 W in 25-W increments. The diesel exhaust gas flow rate was




i Table of
Contents

35 SCFH. Average inlet concentrations were 412 ppm and 43 ppm for CO and VOC:s, respectively.
The reactor bed contained two %-inch Prototech PRO*VOC 7 / zeolite / SiC catalyst sponges: A
soot pre-filter made of Nextel 312 AF-62 fabric was also used to prevent possible catalyst
contamination by soot. ‘

Guard bed testing was performed to determine optimum temperature ranges for efficient conversion
of NO into NO,. The guard bed uses PRO*VOC 7 coated on zeolite to catalyze oxidation of NO to
NO;. Diesel exhaust contains primarily NO, whereas only NO; is reduced in the presence of oxygen.
Testing was performed using 125 grams of zeolite in a 1-inch-ID chamber, which provided a bed
height of 10 inches. The bed was then saturated with NOx prior to temperature dependence
experimentation. Raw diesel exhaust was passed through the guard bed at a flow rate of 5 SCFH.
Diesel exhaust NO concentrations averaged 690 ppm. Inlet and outlet NO and NOx concentrations
were recorded using a NO/NOx analyzer attached to our Camile data acquisition system. Bed
temperature was varied between 150 and 600 °F.

Figure 6 depicts the microwave-induced NOx destruction efficiencies for raw diesel exhaust and
simulated gases using JP-8 as the reducing agent. Synthesized exhaust gas data is presented in this
figure for comparison. Both exhaust types exhibit similar NOx destruction efficiency trends. Raw
diesel exhaust NOx destruction outperformed test data for simulated gas at microwave power levels
above 100 W. The raw diesel exhaust gas testing results are broken down between the PRO*VOC 7
coated on SiC and the PRO*VOC 7 on zeolite mixed with SiC. Catalyst efficiencies were similar for
catalysts on these two substrates. This similarity of efficiencies verifies the feasibility of using
catalyst-coated SiC for NOx reduction.

Figure 7 indicates catalyst destruction performance as a function of microwave power for CO and
VOCs. VOC destruction occurred at low microwave energy levels, but showed a pronounced
increase after 125 W. Carbon monoxide was unaffected at energy levels below 100 W, but was
completely oxidized at power levels above 150 W. These data indicate that power densities
corresponding to 150 W at test conditions are sufficient to remove CO and VOCs from raw diesel
exhaust with the PRO*VOC 7 catalyst.

The NO/NOx conversion efficiency as a function of guard bed temperature-using PRO*VOC 7 on
zeolite is illustrated in Figure 8. Beneficial conversion rates were achieved above 500 °F. Placing -
the treatment device near the exhaust manifold can easily attain this temperature. As a result of this
favorable temperature range, no cooling or heating of the exhaust gas is required to obtain maximum
guard bed and reactor conversions.
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Conversion of NO,; to HNO; in Guard-Bed

In the presence of moisture NO, interacts with alumina in the following reaction'’:

3NO; +H,0 >

2HNO; + NO

700

If both moisture and oxygen are in presence, NO is converted into NO, and HNO; on the carbon
surfaces, which are then adsorbed onto the carbon''. From mass balance it was estimated that 89%
of NO, was converted into HNO;. Nearly 90% of the HNO3; and NO, adsorbed on the FMC char
was reduced into N, and carbon oxides during microwave regeneration'!. The capacity for NO
adsorption and the catalytic activity for NO oxidation of activated carbon were also investigated by
Jontgen et al'>. From thermal desorption spectrometry, they proposed the following reaction for the

decomposition of HNO3 adsorbed on the activated carbon:

2HNO;3 + C = H,0 + NO +NO; + CO,

After comparing guard bed data obtained using dry gas with diesel exhaust guard-bed data, we
speculated that the following reactions are likely occurring in the guard bed:

NO+% 0, =

10

and 3NO,+H,0 -

2HNO; +NO
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Assuming NO; reacts with water vapor to produce HNO3; and NO, and using NO and NO,
concentration data, the conversions of NO into NO, and NO; into HNO;3; were calculated by material
balances and are presented in Table 1. The conversion of NO into HNOjs is approximately the same
as the NO-to-NO, conversion. Since NO needs to be converted to NO; in the guard bed to be
destroyed in the microwave reactor, the maximum destruction efficiency of NO is limited to 67%.
Furthermore, HNO; has to be destroyed in the microwave reactor by reacting with JP-8. The
maximum destruction efficiency of NOx obtained from a single microwave reactor was 65% using a
1-inch reactor and 55% using an 8-inch reactor. To increase the destruction efficiency, it is necessary
to convert NO into NO; after HNOj is destroyed. This indicates the need of a second guard bed after
the microwave reactor. Use of the second guard bed is not practical because of difficulties involved
in heating.

Table 1. NO and NO; Concentrations in Guard Bed.

Guard Bed Inlet Gas Outlet Gas NO to NO; | NO, to HNO;
Temp, °F | NO, ppm | NO, ppm |[NO, ppm | NO ppm | Conversion | Conversion
535 690 78 312 139 77.8% 77.3%
540 642 70 286 148 77.1% 73.8%
542 620 100 295 178 72.3% 67.6%

A small stream of the diesel exhaust gas (2 SCFH) flowing out from the guard bed was taken and
introduced into one liter of water to determine the concentration of HNO; in the guard bed outlet gas.
After 2 hours, the concentration of HNOj3 in water measured by the colormetric method was 5 ppm.
With this value the concentrations of HNOj; and NO; in the guard bed outlet gas are estimated to be
16 ppm. NOx concentrations of inlet and outlet gas were 798 and 525 ppm, respectively. The
difference in the inlet and outlet NOx concentration is 273 ppm, that should be the concentration of
HNO; in the guard bed outlet gas if NO, reacts with water vapor to produce HNO3; and NO.
Furthermore, the concentration of NO, in the guard bed outlet gas was 239 ppm. If NO; and HNO;
in the guard bed outlet gas are dissolved in one-liter water for 2 hours, the NOj3™ concentration should
be 68 ppm. To check the solubility of NO, in water, nitrogen gas containing one percent NO, was
introduced at one SCFH into one liter of water for two minutes. The concentration of HNOj; in water
was measured to be 8 ppm. The HNO; concentration should be 14 ppm if 100% NO; in nitrogen
was dissolved in water. As expected, this confirms that NO; is not easily absorbed in water.
Furthermore, some gaseous component in the diesel exhaust might hinder the absorption rate of NO,
and HNO; in water. This clearly indicates that the colormetric method followed by saturation of
guard bed outlet gas in water is not adequate to determine the concentration of HNOj in the guard
bed outlet gas.

11
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PROTOTYPE DEVICE FOR DESTRUCTION OF NOx IN 58-HP DIESEL
ENGINE EXHAUST GAS

Design and Construction of Microwave Reactor and Radial Guard-Bed

Based on experimental data obtained from the 2.31-inch-diameter reactor and 8-inch x 8-inch
reactors, a radial guard bed and microwave reactor were designed for treating exhaust gas generated
by 58-hp diesel engine and are presented in Figures 9 and 10, respectively.

T

Catalyst Fill Plug | * {,— 2-inch NPT

Top View
L
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g PRO*PEL*VOC
+—+2-inches—  Connecting 5 Catalyst 36-inches
Sleeve :
<+—— Main Reactor
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Screen Inner ]
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™ 2-inch NPT
Diesel Exhaust
(600 °F)

Figure 9. Radial Guard Bed for 58-hp Diesel Engine Exhaust

Two separate units were constructed for the full-scale prototype system. First, the three-foot radial
guard bed was completed. The guard bed holds a total catalyst volume of 1.83 ft’ and the exhaust
gas flow navigates from outside to inside through the bed. These conditions were obtained by
scaling up the most-efficient unit that had been tested. The second unit that we built was the
microwave reactor. Figure 11 is a picture of the finished reactor. The reactor was filled with 1.83 ft’
of catalyst, and irradiated with a 2.7 kW of microwave energy during operation. Gas flows through
the reactor from bottom to top and from outside to inside of catalyst bed.
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Figure 11. Microwave Radial Reactor for NOx Abatement

The final installed full-scale treatment system for 58-hp diesel engine is shown in Figure 12.
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Figure 12. Prototype NOx Treatment System for 58-hp Diesel Exhaust
\

Test Operation of Prototype NOx Abatement System

The initial stage in test operation of the full-scale treatment system was to perform shake down tests
to determine the effects of several variables on the system. The effect of reducing agent injection
rate, microwave power, inlet NOx concentration, and inlet gas temperature were investigated.

The pressure drop across the guard bed was 6 inches of water at the exhaust gas flow rate of 120
CFM. The NO conversion efficiency of the full-scale guard bed ranged from 45 to 55%. JP-8 was
used as the reducing agent for NOx destruction testing. Figure 13 presents NOx destruction
efficiency as a function of JP-8 injection rate. As shown in this figure, adding JP-8 had minimal
effect on the NOx destruction efficiency. From these results it was decided to run further tests with a
JP-8 injection rate of 11 mL/min. Once the reducing agent injection rate had been established the
effects of varying microwave power were tested. To perform these tests the three microwave
magnetrons on the reactor were pulsed. This pulsing of the microwaves varied the average applied
power to the system. For example, when the microwaves are operated at 80% on and 20% off, the
equivalent average input power was 2,160 W compared to the 2,700 W applied when all three
magnetrons were operated continuously. Four separate pulse settings were tested to determine the
most efficient power level for microwave application. The results are shown in Figure 14, which
indicates that input power levels of 2,160 and 2,700 W provided the highest NOx destruction
efficiency. Through further testing it was decided that the best operating power for the system was
2,700 W.
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The third test series performed was to determine the effect of inlet NOx concentration on both guard
bed conversion and total NO destruction. Four different NOx concentrations (600, 800, 1,000, and
1,200 ppm) were tested. The total microwave power applied to the system was held at a constant
level of 2,700 W. JP-8 was injected at a rate of 11 mL/min. For all of the tests the inlet gas
temperature to the microwave reactor was held at 120 °F. Figure 15 illustrates the results of this
testing.
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Figure 15. NOx Destruction Efficiency as a Function of Inlet NOx Concentration

The final shakedown tests performed were those examining the effect of inlet gas temperature on -
NOx destruction, and bed temperature on NO > NO; conversion in the guard bed. Increases in bed
temperature up to 600 °F resulted in higher conversion efficiencies in the guard bed, but any
temperature increase beyond 600 °F caused the conversion efficiency to decrease. This trend is
illustrated in Figure 16.
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Figure 16. NO Conversion in Full-Scale Guard Bed as a Function of Temperature

When the inlet reaction temperature was varied, it was found that lower and higher temperatures
were not beneficial for NOx conversion. The convenient way to vary the reactor inlet temperature is
to increase and decrease the load on the engine, which also increases and decreases the exhaust gas
and guard bed temperature. Since this is the case, it is necessary to maximize guard bed conversion
by operating at 600 °F, so the reactor inlet temperature remained constant at 140 °F. Changing the
insulation of exhaust pipe can also vary the temperature of inlet gas to the guard bed.

Upon completion of the shakedown tests, the reactor was run at the determined optimum conditions
for several other sets of experiments. During the first experimental run, gas flow through the reactor
was varied. Flow rates of 60, 80, 100, and 115 CFM were flowed through the radial reactor. Each
test was run for three hours to be sure that the system reached at the steady state operating conditions.
The NOx destruction efficiency from these experiments is shown in Figure 17 as a function of
exhaust gas flow rate. Duplicate experiments were performed at each gas flow rate.

17




" Contents

100 I I |
Diesel exhaust flow rate - 120 CFM
Bed filled with PRO*VOC 7 on alumina catalyst

90 1+

80

70

60

50

40 r3

30

NOx Destruction Efficiency, %

20

10

0
40 50 60 70 80 90 100 110 120

Exhaust Gas Flow Rate, CFM
Figure 17. NOx Destruction in Radial Reactor as a Function of Exhaust Gas Flow Rate

Figure 17 indicates that microwaves were not uniformly distributed in this radial reactor. NOx

~ destruction was lower and not dependent on gas flow rate. If microwaves were uniformly distributed

in the catalyst bed, NOx destruction efficiency should decrease with increasing the gas flow rate.
Therefore, it was decided that different reactor designs should be tested to find the optimum reactor
design for NOx removal from diesel exhaust gases. These tests could not be completed because of
time constraints in the experimental phase of this project.

CAPITAL AND OPERATING COST ESTIMATE

Diesel engine capacities of 35, 100, and 250 kW used for electric power generation were chosen for
the economic evaluation of a NOx-treatment device. The purchased equipment cost for three
different-sized NOx treatment systems were estimated from the known cost of our previously
constructed system, and through the use of scale-up factors'’. The raw exhaust gas flow rates
produced from diesel engines are 115 SCFM from 35 kW, 400 SCFM from 100 kW and 1,000
SCFM from 250 kW of generator output, respectively. By assuming 5% freight and 65% installation
cost factors, the total installed equipment cost for each system was calculated. For the 115-CFM
treatment system the total installed equipment cost is $18,054, for the 400-CFM treatment system the
cost is $30,430, and for the 1,000-CFM treatment system the cost is $51,340. The total cost of the
catalyst for each system was then determined from supplier purchase price and a 5% freight charge.
The catalyst for the 115-CFM system will cost $2,305, for the 400-CFM system the catalyst cost will
be $9,225, and for the 1,000-CFM system the catalyst cost will be $23,060. The total capital
investment for each system is calculated by adding the total installed equipment cost and the total
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cost of the catalyst. The total capital investments for the three systems are $20,360 ($582/kW),
$39,655 ($397/kW), and $74,400 ($298/kW) for 35 kW, 100 kW, and 250 kW, respectively.

The operating cost was estimated only for a 250 kW diesel engine power generator. The plant is
assumed to operate at the treatment rate of 1,000 SCFM of diesel exhaust gas containing NOx, CO,
VOCs, hydrocarbons, and dry particulate matter (DPM) for 365 days per year. It is also assumed that
the plant is operated automatically and controlled by a computer. Hence, no personnel attendance
will be required. Assuming that the labor equivalent of 1/4 person will be required to operate the
plant, the loaded direct labor cost is $18,000 per year. Supplies and material costs, including the
price of replacement microwaves and catalyst are estimated at $18,900/year. The maintenance cost is
assumed to be 3% of the capital investment, or $2,230/year. The annual cost for taxes and insurance
are taken as 3% of the capital investment, or $2,230/year. The annual plant power demand is
estimated at 96,360 kW-hr and the cost of power is estimated to be $0.075 per kW-hr resulting in an
annual cost of $7,227. The total annual operating cost is $48,590. However, the majority of diesel
engines are used only approximately 175 to 2,080 hours per year. Therefore, the annual operating
cost will be between $970 and $11,540 per year.

CONCLUSIONS AND RECOMMENDATIONS

The CHA Corporation has completed an investigation of the feasibility of using a novel, microwave-
based filter device to remove and destroy unwanted by-products of combustion in exhaust gases.
The prototype device for the destruction of NOx in exhaust gas generated by a 58-hp diesel engine
has clearly identified technical and economic advantages and technical difficulties of applying
microwave-based filter device for control of diesel exhaust. The following summarizes our
conclusions and recommendations.

e Corning ceramic monolith filter captures more than 85% of soot in diesel exhaust gas. The
oxidation of soot captured on the filter can be easily accomplished by microwave energy but
requires a minimum accumulation of soot to sufficiently absorb microwaves. Because of high-
pressure drop caused by the accumulated soot, an off-line microwave regeneration of the soot
filter is a more practical means of soot oxidation.

¢ In the absence of oxygen, NO can be easily destroyed in a Pt/Rh catalyst bed using a reducing
agent and microwaves. When the oxygen concentration exceeds 6%, microwave-induced
destruction of NO by a reducing agent is less than 10%. To achieve any significant catalytic
destruction of NO in diesel exhaust by microwaves, the oxidation of NO to NO; is necessary.
The maximum conversion of NO to NO; in the oxidation catalyst bed tested was achieved at
temperatures of 550-600 °F that can be easily obtained by insulating the exhaust pipe. Because of
high moisture content in diesel exhaust gas, NO, further reacts with H>O to produce HNO3 and
NO in the guard-bed. This reaction limits NO conversion in the guard-bed and NO; destruction
in the microwave reactor to 45 to 60%. The maximum NOx destruction efficiencies were 65%
for the 1-inch reactor, 50% for the 8-inch reactor and 40% for the full-scale prototype reactor for
a 58-hp diesel engine. Lower NOx destruction of the full-scale microwave reactor is due to both
poor distributions of microwaves in the reactor and low conversion of NO to NO; in the guard-
bed. Using better oxidizing catalysts that improve the oxidation of NO and improving the design
of microwave reactor can increase NOx destruction efficiency.
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e A single housing accommodating a guard-bed and catalytic microwave reactor may be better for
NOx destruction. A helix coupling device distributes microwave energy uniformly in a small
reactor but may not be suitable for larger reactors. A cavity reactor is more suitable to large-scale
reactors if 915-MHz microwave power is utilized. Catalyst impregnated with silicon carbide
(25% by weight) absorbs microwaves and can be used in other microwave applications. A helix-
coupling device placed inside this catalyst transmits microwave energy to the catalyst bed and
can effectively be used in a fluidized-bed.

e Estimated capital cost ($300/kW) of the microwave-catalyst device for removal and destruction
of NOx in diesel exhaust is much lower than that of microwave-activated carbon process
($490/kW). Because of low capital cost and smaller size, we recommend that the microwave-
catalyst device for NOx removal be further developed. NOx destruction efficiency can be
increased above the 40% barrier by using a better oxidizing catalyst and improving microwave
reactor design.
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